1' frontiers
in Physiology

ORIGINAL RESEARCH
published: 28 April 2017
doi: 10.3389/fphys.2017.00253

OPEN ACCESS

Edited by:
Yong-Ling Ruan,
University of Newcastle, Australia

Reviewed by:
Stephen Beungtae Ryu,
Korea Research Institute of Bioscience
and Biotechnology, South Korea
Chi-Kuang Wen,
Chinese Academy of Sciences, China

*Correspondence:
Mingyu Han
hanmy@nwsuaf.edu.cn

Specialty section:
This article was submitted to
Plant Physiology,
a section of the journal
Frontiers in Physiology

Received: 07 January 2017
Accepted: 10 April 2017
Published: 28 April 2017

Citation:

Fan S, Zhang D, Gao C, Zhao M,
Wu H, Li Y, Shen Y and Han M (2017)

Identi cation, Classi cation, and
Expression Analysis of GRAS Gene
Family in Malus domestica.

Front. Physiol. 8:253.

doi: 10.3389/fphys.2017.00253

Check for
updates

|denti cation, Classi cation, and
Expression Analysis of GRAS Gene
Family in Malus domestica

Sheng Fan, Dong Zhang, Cai Gao, Ming Zhao, Haigin Wu, Youmei L i, Yawen Shen and
Mingyu Han *

College of Horticulture, Northwest A&F University, Yangti, China

GRAS genes encode plant-speci ¢ transcription factors that play important roles in

plant growth and development. However, little is known abotithe GRAS gene family

in apple. In this study, 127GRAS genes were identi ed in the apple Malus domestica

Borkh.) genome and namedMIdGRAS1to MAGRAS127according to their chromosomal

locations. The chemical characteristics, gene structuregnd evolutionary relationships
of the MAGRAS genes were investigated. The 127MdGRAS genes could be grouped

into eight subfamilies based on their structural featuresral phylogenetic relationships.
Further analysis of gene structures, segmental and tandemuplication, gene phylogeny
and tissue-speci ¢ expression with ArrayExpress databaseéndicated their diversi cation

in quantity, structure and function. We further examined t expression pattern of
MdGRAS genes during apple ower induction with transcriptome seqencing. Eight

higher MUGRAS (MdGRASS6, 26, 28, 44, 53, 64, 107, and 122) genes were surfaced.
Further quantitative reverse transcription PCR indicatethat the candidate eight genes
showed distinct expression patterns among different tisses (leaves, stems, owers,

buds, and fruits). The transcription levels of eight genes ere also investigated with
various owering related treatments (GA, 6-BA, and sucrose) and different owering
varieties (Yanfu No. 6 and Nagafu No. 2). They all were affect by owering-related

circumstance and showed different expression level. Chargs in response to these
hormone or sugar related treatments indicated their poterdl involvement during apple
ower induction. Taken together, our results provide rich esources for studyingGRAS

genes and their potential clues in genetic improvement of gge owering, which enriches

biological theories of GRAS genes in apple and their involvement in ower induction of
fruit trees.

Keywords: apple, GRAS, synteny, expression analysis, ower induction

INTRODUCTION

Transcription factors function as trans-acting factorsymmning with speci c cis elements in
eukaryotic gene promoter regions to regulate plant growth dedelopment.

GRASgenes encode a family of plant-speci ¢ transcription factdiise GRAS name derives
from the rst letters of the rst identied three members, itluding GAI (gibberellic acid
insensitive),RGA (repressor ofGA1-3 mutant), and SCR(scarecrow) Bolle, 200% In plants,
proteins in the GRAS family consist of 400—700 amino acidé wittonserved GRAS carboxyl

Frontiers in Physiology | www.frontiersin.org 1

April 2017 | Volume 8 | Article 253


http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
https://doi.org/10.3389/fphys.2017.00253
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2017.00253&domain=pdf&date_stamp=2017-04-28
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:hanmy@nwsuaf.edu.cn
https://doi.org/10.3389/fphys.2017.00253
http://journal.frontiersin.org/article/10.3389/fphys.2017.00253/abstract
http://loop.frontiersin.org/people/349423/overview
http://loop.frontiersin.org/people/326166/overview

Fan et al. Identi cation and Expression of MAGASA Gene

terminus comprising several typical structures, includieyen  scll3nutant showed impaired sensitivity lrabidopsigTorres-
leucine-repeat domains (LHRI), a VHIID domain, seven leueine Galea et al., 2006Several studies have shown that SGBRAS
repeat Il domains (LHRII), and PFYRE and SAW motif§isch  genes are up-regulated under stress conditiong\iabidopsis
et al.,, 200 Bacteria also harbor GRAS-like proteins, whichrice and tobacco[fay et al., 2003; Torres-Galea et al., 2006;
may function as methylasesifang et al., 20)2In recent years, Czikkel and Maxwell, 2007Among all the biological processes,
Many GRASgenes have also been identi ed in a variety of plantheir owering related characterizations and functions/ieebeen
species, includingrunus mumgPopulusgrape, tomato, Chinese researched in some model plants. On the one hand, several
cabbage, and castor beanign et al., 2004; Song et al., 2014,GRASgenes are associated with the owering phenotype. For
Huang et al., 2015; Lu et al., 2015; Grimplet et al., 2016; Xexample, in tomatols (Later Suppressprde ned as another
W. et al., 2013The GRASfamily, which has 33 members in GRASgene, its mutanisshowed lower numbers of in orescence
Arabidopsis thalianaand 57 members in rice(Qryza sativyy  (Schumacher et al., 1999; Bolle, 200a Arabidopsisthe LS
can be divided into eight subfamilies: SCL3, SHR, PAT1, LJSCsubfamily geneAtLAS and the SHR subfamily genAtSHR
DELLA, SCR, LS, and HAMHirsch et al., 200Q were involved in shoot apical meristem. The Ls subfamily gene
Recent studies have revealed that the N-termini of GRABtSCL26and the HAM subfamily geneAtSCL6and AtSCL27
proteins play important roles in their specic functions. were highly expressed in ower86lle, 200% the rgaand gai
The N-termini contain intrinsically disordered regions mutant also showed earlier owering in Arabidopsi§&#lvao
(IDRs); thus, GRAS proteins are also known as intrinsicallyet al., 201p. On the other hand,GRASgenes can integrate
disordered proteins (IDPs) Sun et al., 200)1 Several or regulate owering related genes such 3BL(SQUAMOSA
studies have focused on the structures and functions dPROMOTER BINDING PROTEIN-LIKELFY (LEAFY), and
the IDRs in the N-termini of GRAS proteinsS(n et al., APl (APETALA) as well asFT (FLOWERING LOCUS )T
2010, 2011, 20)2Dierent subfamilies have dierent types They all acted positive roles and intergrated various sgnal
and numbers of molecular recognition features in theirin ower induction, of which FT and SPLa ected owering
N-termini (Sun et al., 2010, 2011, 2012For instance, time; whileLFY and AP1belonged to ower meristem identify
the DELLA subfamily has three molecular recognitiongenes. SeverdbBRASgenes can be recruited and integrated
features in its IDR at the N terminus: DELLA, VHYNP, with SPL proteins to regulatéFY and AP1 expression in
and L(R/K) XI. Protein motifs at the C-terminus include the ArabidopsigYamaguchi et al., 20).4Additionally, the PAT and
LHR I, HIID, LHRIl, PFYRE, and SAW motifsHysh et al., SCL subfamilies oGRASgenes were both reported involved
1999. in photosignal in many plants, it in uenced the expression of
The functions of GRASfamily genes have been studied inphyA (phytochrome A), a phytochrome A signal transduction
recent years; there is a large body of evidence thatGRAS gene, which caused to the change of the circadian clock and
genes family play important roles in various biological proesss expression ofT and other owering genesKolle et al., 2000;
in many di erent plant species. They are involved in diverseTorres-Galea etal., 2006; Li et al., 20Hbwever, little is known
processes related to root meristem development, axillary buabout theGRASfamily of transcription factors in woody fruit
outgrowth, phytochrome signaling pathways, nodular signatrees, such as its expression in response to ower induction in
transduction, and stress adaptation, especially in the gdilies  apple.
(GA)-signaling pathwayAit-ali et al., 2003; Greb et al., 2003;  Apple is one of the most widely cultivated and economically
Heckmann et al., 2006; Torres-Galea et al., 2006; Koizunmportant fruit trees in the temperate regions of the world. In
et al., 2012; Park et al., 201DELLA proteins are negative apple production, ower induction and ower buds formation
regulators of the GA signal, and have been shown to repressistain two growing seasons. Flower induction is a key stage
growth in many di erent plant species includindrabidopsis and always limits fruit yieldGuitton et al., 201 Apple (Malus
(AtGAI, AtRGA, AtRGL1, AtRGL2, and AtRGL3)). sativa domesticdBorkh.) cv. “Fuji” is one of the most popular cultivars,
(OsSLR1),Zea mays(ZmD8), Malus domesticdMdRGL2a), and it accounts for 65% planting areas in China. “Fuji” has
and Vitis vinifera (WGAI) (Foster et al., 2007; Vandenbusscherouble in owering induction. Thus, characteristic the fezular
et al., 2007; Aleman et al., 2008; Dai and Xue, pOVarious mechanism of apple ower induction is necessary. Flower
studies have shown that the GA-GID1-DELLA complex andnduction was aected by environmental and internal factors
ubiquitin ligase E3 play important roles in GA signaling, and(Guitton et al., 2012; Xing et al., 2014, 2015; Fan et al.,)2016
that SCRfunctions in the development of roots and above-Sugar and hormones were involved in ower inductioBitton
ground organs inArabidopsigZhang et al., 2011; Koizumi et al., et al., 2012; Xing et al., 2014, 2015; Fan et al., 2016; L 206;
20129. PhHAM (Petunia hybrig, a petunia hairy meristem gene, Zhang et al., 2006 Among all kinds of hormones, including
was shown to be necessary to maintain the apical meristeauxin, cytokinins, abscisic acid, GA and other hormones. GA
in petunia, and the petunia recessive mutgsttham (ham  was de ned the most important hormones in regulating ower
B428) produced fewer owers than wild typeStuurman et al., induction and GA pathway was recognized as one of the
2002. SCL13was shown to positively regulate phyB, and theowering pathways Guitton et al., 2012; Porri et al., 2012; Li
et al., 2016; Zhang et al., 2016-BA and sucrose, which can
promote ower bud dierentiation, were also important and

Abbreviations: DAFB, days after full blossom; ES, early stage; MS, middle stag\é{idely used Xing et al., 2015; Li et al., 20Leveral owering-
LS, later stage; GAgibberellic acid; 6-BA, 6-benzylaminopurine. related genes families have been identied and chara&ériz
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in the apple genome, includingPL, IDD, and MADX-box Chemical Characteristics, Elements in the

(Li et al., 2013; Kumar et al., 2016; Fan et al., 206RAS Promoters and Phy]ogenetic Ana|ysis

genes were re'ported to partially or entirely involve in owerprosite  ExPaSy  (http://web.expasy.org/protparam/)  was
induction in various plantsiiynes etal., 2003; Foster etal., 2007ysed to predict the potential chemical characteristics of
involvement in apple ower induction. The recently published method and 1000 bootstrap replications. The upstream
genome sequence of appl&'efasco et al., 20)thas made of 15 Kb were used forciselements in the promoters
it possible to characterize the structures, functions, e@h  of the candidate MAGRAS genes. PlantCARE software

of apple GRASgenes and their response to ower induction. (http://bioinformatics.psb.ugent.be/webtools/plantcrtedl/)
Moreover, it is also available to utilize candidMedGRASgenes a5 used for searching regulatory elements.

for further genetic improvement aiming at owering inductio
In this study, we performed a genome-wide survey to identifyTandem Duplication and Synteny Analysis
GRASenes in the apple genome. A systematic analysis includingindem duplication and synteny analysis were conducted
gene classi cation, gene characterization, gene strestand using Circos v. 0.63 (http://circos.ca/). Tandem duplication
gene phylogenies were determined. We further investigategk the MdGRAS genes was identied according to their
their expression levels of all the 127 putatMelGRASgenes physical locations on individual chromosomes in the apple
among dierent tissues and varieties during apple growthgenome. Adjacent homologo@RASgenes on the same apple
and development with ArrayExpress database. Moreover, eigbhromosome with no more than one intervening gene were
MdGRASgenes were further analyzed. considered tandem duplicates. The Plant Genome Duplication
We investigated their expression levels of the candidate eigDatabase (http://chibba.agtec.uga.edu/duplication/) used to
genes among di erent tissues (stems, leaves, owers, fraitd  identify syntenic blocks.
buds), dierent owering-related treatments (GA 6-BA and
sugay and di erent owering varieties (Yanfu No. 6 and Nagafu Plant Material
No. 2). Changesinresponse to these owering-related treatis1  In this study, 72 uniform 6-year-old “Fuji"/T33®alus robusta
indicated their potential involvement in apple ower inductio Rehd. apple trees were randomly divided into three groups: 18
Our results provided basic clues for further analyseMIdGRAS  were treated with G4, 18 were treated with sucrose, 18 were

in apple growth and development. treated with 6-BA and 18 were sprayed with water as a control.
These tress were grown at the experimental orchard of Norshwe
MATERIALS AND METHODS A& F University in Yangling (10804 E, 34 16°N), China. And
the orchard was well managed. Each group consisted of three
Identi cation of GRAS Genes in Apple blocks, with three replicates. The experiment was conducted

Hidden Markov Model (HMM) searchesF{nn et al., 201)l  from 30 to 70 days after full bloom (DAFB) in 2015. (1) 6A
were performed to identifyfGRASgenes in the apple genome. treatment was performed as described Hiyang et al. (2016)
The HMM pro les (PF03514) were downloaded from the Pfamwith a slight modi cation: 700 mg L! GAz (Sigma, Deisenhofen,
database (http:/pfam.sanger.ac.uk). Additionally, AtGRA Germany) was sprayed once on a clear morning at 30 DAFB
protein sequences were used as queries for BLASTP sea(fiay 9). (2) 300mg L! 6-BA (Sigma, Deisenhofen, Germany)
against the Apple Genome Database (https://www.rosacede.orgias also sprayed on a clear morning at 30 DAFB (May 9). (3)For
with an evalue < le-4 to identify further possible members sugar treatment, trees were sprayed twice on clear mornings at
of GRAS gene as previous investigatiorii(et al., 2011; 30 and 37 DAFB (May 9 and May 16) with 15,000 mg! land

Jia et al, 2013; Cui et al, 2015; Xu J. N. et al., )20180,000mg L* sucrose. All treatments were performed on the
Arabidopsis GRAS genes were downloaded from TAIRwhole plant and were applied with a low-pressure hand-wand
(http://www.arabidopsis.org/). Finally, genes with the sam sprayer. Terminal buds on current-year spurs5 cm), which
accession number were removed. All the identi ed GRAS genegere chosen according to our previous studigs( et al., 2014,

were further manually checked for the GRAS domain. 2015; Lietal., 2016; Zhang et al., 2)¥ere collected into liquid

. nitrogen at 30, 40, 50, 60, and 70 DAFB, and then stored& C
Gene Structures and Locations for use in gene expression analyses.
Determination Additionally, buds from two apple varieties (“Yanfu No. 6” and

Annotations for candidate GRAS genes were obtained “Nagafu No. 2") with contrasting owering rates were colled at
from the Genome Database for Rosaceae (GDRJ)O0, 40,50, 60,and 70 DAFB from 18 uniform 6-year-old trees in
(http://lwww.rosaceae.org), and chromosome location2015. “Yanfu No. 6” is a spontaneous mutant of “Nagafu No. 2.”
were retrieved from these annotations. MapDraw wadtdevelops more ower buds than “Nagafu No. 2.” “Yanfu No. 6”
used to show the accurate locations of the genes oalways exhibits a higher proportion of spurs, shorter interesd
each chromosome. The online software Gene Structurbigger buds and more owers. Terminal buds on current-year
Display Server (GSDS: http://gsds.cbi.pku.edu.cn) was ussgurs &5 cm) were collected as described above.

to generate the exon-intron structures of all th€RAS Dierent organs were also collected for tissue-specic
genes. expression analysis. Flowers were collected at full blossom o
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April 9 in 2015. Stems were collected from new shoots wittof 2-mL cDNA samples (diluted 1:8), 1. 2 SYBR Premix

a diameter of 2-3 mm. Mature leaves were collected from thExTaq Il (Takara Bio), 0.8L of each primer (10nM) (Table 1),
adjacent buds. Fruits were collected with a diameter of Zn3 ¢ and 6.4rL distilled deionized HO. Each PCR assay was run
All tissues were immediately frozen in liquid nitrogen aridred  on an iCycler iQ Real Time PCR Detection System (Bio-Rad)
at 80 C for gene expression analysis. Additionally, the onlinevith an initial denaturation at 95C for 3 min, followed by 40
ArrayExpress database (https://www.ebi.ac.uk/arrayegfres cycles at 94C for 15 s, 62C for 20 s, and 7ZC for 20 s. The
GEOD-42873) was also employed to investigate their expressioesulting fragments were subjected to melting-curve asisal{o

patterns among di erent apple varieties and tissues. verify the presence of gene-speci ¢ PCR products. The melting-
_ ) curve analysis was performed directly after real-time PCR and
Flowering Rate Analysis included an initial step of 94C for 15 s, followed by a constant

Flowering rate was also investigated among di erent exogeno increase from 60to 95 C at a 2% ramp rate. The appleFr-
treatment and two di erent owering varieties. One hundred la gene (GenBank accession no. DQ341381) was used as an
twenty terminal buds on short shoots which were less than 5 crinternal control to normalize all mMRNA expression levels. The
and no fruits on them were tagged randomly at 15 DAFB. The 11 ¢t method was used to calculate the relative amount of
number of owers was counted of the tagged shorts as nallytemplate present in each PCR ampli cation mixture\(ak and
owering rate. And it was investigated at full blossom on Apri Schmittgen, 2001
10in 2016. o )
Statistical Analysis

RNA Extraction and cDNA Synthesis Data were analyzed using variance (ANOVA) at the 5% level
Total RNA was extracted from plant tissue samples using thwith the SPSS 11.5 software package (SPSS, Chicago, IL, USA).
cetyltrimethyl ammonium bromide (CTAB) method with slight Figures were made using Origin 8.0 (Microcal Software Inc.,
modi cations (Gambino et al., 2008Brie y, 900mL extraction ~Northampton, MA, USA).
bu er (2% CTAB, 2.5% PVP-40, 2 M NacCl, 100 mM Tris-HCI
[pH 8.0], 25 mM EDTA [pH 8.0], and 2%-mercaptoethanol) RESULTS
was preheated at 66 and added to 2-mL microcentrifuge tubes . . . .
just before use. Samples containing 200 mg of bud tissuedstorédentl cation and Characterization
at 80 C were ground to a powder, added to the tubes, andAnalysis of MdGRAS Genes
mixed with extraction bu er. After shaking and inverting gac To identify members of théldGRASgene family, both HMM
tube vigorously for 5 min and incubating at 65 for 30 min, proles and BLASTP were used with the default parameters.
an equal volume of chloroform:isoamyl alcohol (24:1, vigsw After manual checking, a total of 127 candiddMeGRASgenes
added. Each tube was shaken and inverted vigorously and thevere identied (Table ). The genes were named according
centrifuged at 12,000 g for 10 min at 4 C. The supernatant to their chromosomal locations. The 127 candidatelGRAS
was collected into a new tube and re-extracted with an equaenes were distributed on 16 chromosomes of the apple genome
volume of chloroform:isoamyl alcohol (24:1, v/v). The léisg  (Figure I). Chromosome 11 contained the modldGRAS
supernatant was then transferred into a new 2-mL tube and LiGyenes (15.75%), followed by chromosome 3 (11.81%), while
(3 M nal concentration) was added. The mixture was inculthte chromosome 16 contained "ddGRASgenes (0%)Rigure SJ.
at 20 C for 4 h and the RNA was selectively pelleted by LiCAdditionally, four genes (MDP0000950387, MDP0000319342,
after centrifugation at 18,000 g for 20 min at 4C. The pellet MDP0000640034, and MDP0000640034) could not be located
was resuspended in 56 of SSTE bu er (10mM Tris-HCI[pH on any of the chromosomes and were namB@iGRAS124
8.0], 1mM EDTA [pH 8.0], 1% SDS, and 1 M NacCl) preheatedo MAGRAS1270nly two genes were distributed on each of
to 65 C and an equal volume of chloroform:isoamyl alcohol. Thechromosomes 7 and 8. The open reading frame (ORF) lengths
mixture was then centrifuged at 12,000g for 10 min at 4C.  of the MAGRASgenes ranged from 333 to 5,787 bp, encoding
The supernatant was transferred to a new microcentrifugetub peptides ranging from 110 to 1,928 amino acids. We used
and the RNA was precipitated with 2.5 volumes of cold ethandExPaSy to predict the characterization of MAGRAS proteins.
at 80 C for at least 30 min and centrifuged at 1,20Q) for 20  The predicted molecular weights of the GRAS proteins ranged
min at4 C. Finally, the pellets were washed with 70% ethanol antiom 12.50 to 218.53 kDa. The grand average of hydropathicity
resuspended in diethylpyrocarbonate-treated water. was less than 0 for all GRAS proteins. The instability index

Total RNA integrity was veri ed by running the samples on of most of the 127 MdGRAS proteins was greater than 40,
2% agarose gels. First-strand cDNA was synthesized frogp 1 except for MUGRAS22, MAGRAS33, MAGRAS41, MAGRAS42,
of total RNA using a PrimeScript RT Reagent kit with gDNAMdJGRAS43, MAGRASS53, and MAGRASG5, indicating that these
Eraser (Takara Bio, Shiga, Japan) following the manufacgure proteins were unstable.
instructions. .

Phylogenetic and Gene Structure of the

Expression Analysis by gRT-PCR GRAS Gene Family
The expression levels of all identieMdGRASgenes were SinceArabidopsisis the most popular model species and the
analyzed by qRT-PCR using primer pairs designed with Primefunctions of some GRAS genes have been well characterized.
5.0 (Table S). The real-time PCR assay mix (20) consisted Phylogenetic analysis @RASgenes was investigated in apple

Frontiers in Physiology | www.frontiersin.org 4 April 2017 | Volume 8 | Article 253


https://www.ebi.ac.uk/arrayexpress/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Fan et al. Identi cation and Expression of MAGASA Gene

TABLE 1 | List of MAGRAS genes and their chemical characteristics.

Gene Gene locus 2 Location CDS (bp)  Peptide (aa)  Strand Mw b GRAVYC pid Ine Alf
name (kDa)

MdGRAS1 MDP0000135256 chrl:16537486..16539435 930 309 33.36 0.011 9.33 42.29 96.60
MdGRAS?2 MDP0000252300 chr1:16538919..16544966 2,550 849 93.62 0.547 8.10 52.08 75.54
MdGRAS3 MDP0000119183 chr1:18011215..18015301 1,356 451 50.28 0.263 6.33 43.93 82.20
MdJGRAS4 MDP0000825698 chr2:3727360..3729003 1,644 547 61.13 0.316 10.01 59.37 81.72
MdJGRAS5 MDP0000134341 chr2:3744608..3746247 1,572 523 57.30 0.156 5.70 45.66 85.64
MdJGRAS6 MDP0000256486 chr2:12924073..12925887 1,815 604 66.48 0.378 5.13 52.06 78.86
MdJGRAS7 MDP0000139971 chr2:13285923..13292998 2,331 776 86.60 0.126 6.08 45.09 90.70
MdGRASS8 MDP0000247514 chr2:17606743..17608173 1,431 476 53.23 0.069 5.67 43.06 90.99
MdGRAS9 MDP0000165587 chr2:18027038..18028561 1,524 507 56.88 0.392 5.22 48.32 69.29
MdGRAS10 MDP0000859087 chr2:25937193..25938899 1,707 568 63.23 0.446 5.02 44.23 74.00
MdGRAS11 MDP0000159341 chr3:4321397..4322773 1,377 458 C 51.96 0.272 6.07 54.41 92.64
MdGRAS12 MDP0000194661 chr3:7771083..7773134 2,052 683 77.70 0.645 5.52 53.63 74.64
MdGRAS13 MDP0000796348 chr3:7777819..7780444 2,160 719 82.05 0.547 6.90 42.05 75.80
MdJGRAS14 MDP0000194663 chr3:7781197..7788706 5,787 1928 218.53 0.568 5.83 49.45 72.05
MdJGRAS15 MDP0000247940 chr3:7827530..7831637 2,715 904 C 101.59 0.540 5.38 50.48 71.38
MdJGRAS16 MDP0000306154 chr3:20678219..20679634 1,365 454 50.87 0.125 6.16 40.19 92.64
MdJGRAS17 MDP0000793615 chr3:25279993..25282044 2,052 683 C 75.01 0.418 5.64 52.31 77.42
MdGRAS18 MDP0000205622 chr3:25473680..25476670 2,007 668 74.17 0.399 5.61 48.56 80.90
MdGRAS19 MDP0000835454 chr3:32975889..32976838 876 291 32.90 0.713 5.40 41.66 68.38
MdGRAS20 MDP0000300311 chr3:33027149..33029331 735 244 27.06 0.038 8.86 43.86 90.66
MdGRAS21 MDP0000259453 chr3:33044014..33045333 1,188 395 43.95 0.304 5.87 40.29 84.43
MdGRAS22 MDP0000420150 chr3:33053754..33054086 333 110 C 12.55 0.305 4.53 25.59 119.73
MdGRAS23 MDP0000141505 chr3:33061403..33061960 558 185 C 21.06 0.094 6.82 48.488 92.70
MdJGRAS24 MDP0000465513 chr3:33061932..33063815 1,884 627 70.91 0.263 5.50 41.06 81.31
MdJGRAS25 MDP0000232659 chr3:33105946..33112977 3,024 1007 113.57 0.535 7.10 50.65 73.76
MdGRAS26 MDP0000147173 chr4:915116..916492 1,377 458 51.30 0.285 5.12 45.39 83.01
MdGRAS27 MDP0000396037 chr4:3510983..3512255 993 330 C 36.34 0.308 5.33 48.90 67.45
MdGRAS28 MDP0000945004 chr4:4693449..4695500 2,052 683 74.98 0.407 5.69 52.03 77.85
MdGRAS29 MDP0000241048 chr4:12671528..12673775 1,668 555 61.88 0.387 5.98 49.78 79.89
MdGRAS30 MDP0000228483 chr4:16466303..16467886 1,584 527 59.59 0.320 4.82 50.99 76.94
MdGRAS31 MDP0000317825 chr4:16469757..16471367 1,611 536 60.75 0.309 4.67 53.32 75.67
MdGRAS32 MDP0000419045 chr4:18100227..18103427 2,490 829 88.67 0.308 5.82 59.22 73.84
MdGRAS33 MDP0000254936 chr5:411761..422370 3,600 1199 C 133.82 0.316 6.64 39.77 79.76
MdJGRAS34 MDP0000151144 chr5:3168395..3171022 2,400 799 87.03 0.267 6.03 57.31 76.92
MdJGRAS35 MDP0000242829 chr5:10558101..10559735 1,635 544 C 60.88 0.244 4.83 46.59 83.75
MdJGRAS36 MDP0000230994 chr5:15148360..15151129 1,572 523 58.94 0.320 6.24 48.46 82.26
MdJGRAS37 MDP0000566079 chr5:22506172..22506504 330 110 12.50 0.232 6.04 44.89 80.64
MdJGRAS38 MDP0000243351 chr6:9882603..9884659 1,824 607 C 66.98 0.509 5.19 53.22 72.49
MdGRAS39 MDP0000915100 chr6:9882928..9884982 2,055 694 C 75.47 0.403 5.56 51.47 78.03
MdGRAS40 MDP0000322003 chr6:9923402..9927244 981 326 C 36.85 0.214 491 43.91 88.50
MdGRAS41 MDP0000124576 chr6:16659904..16660845 567 188 21.11 0.162 6.36 33.54 82.39
MdGRAS42 MDP0000128964 chr6:16680332..16681280 804 267 C 29.94 0.114 7.19 29.99 84.72
MdGRAS43 MDP0000206202 chr6:23034606..23035559 954 317 35.85 0.707 5.68 39.04 67.41
MdJGRAS44 MDP0000159531 chr7:22551974..22553587 1,614 537 59.25 0.215 5.34 55.11 85.72
MdJGRAS45 MDP0000315706 chr7:24383528..24394942 2,817 938 103.28 0.432 6.41 47.36 75.69
MdGRAS46 MDP0000275704 chr8:10371640..10374024 2,385 794 86.86 0.327 6.05 55.01 76.76
MdGRAS47 MDP0000287321 chr8:18091272..18096730 1,827 608 C 67.24 0.270 9.15 46.58 87.42
MdGRAS48 MDP0000441376 chr9:562753..565977 2,091 696 77.38 0.406 5.73 64.97 73.22
MdGRAS49 MDP0000863616 chr9:6708558..6709889 1,332 443 49.06 0.131 5.19 49.04 93.05
MdGRAS50 MDP0000804652 chr9:8891282..8892943 1,662 553 62.32 0.346 5.74 49.48 78.66

(Continued)
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TABLE 1 | Continued

Gene Gene locus 2 Location CDS (bp)  Peptide (aa)  Strand Mw b GRAVYC pid Ine Alf
name (kDa)
MdGRAS51 MDP0000921788 chr9:9424971..9428298 2,073 690 77.57 0.312 8.85 47.18 80.71
MdGRAS52 MDP0000203826 chr9:22347041..22348471 1,431 476 C 54.20 0.347 6.31 41.21 89.33
MdGRAS53 MDP0000181482 chr9:29373931..29376390 1,938 645 C 70.41 0.258 4.76 39.14 81.19
MdJGRAS54 MDP0000727836 chr10:1113520..1115259 1,740 579 64.46 0.448 5.03 40.79 75.80
MdJGRAS55 MDP0000169115 chr10:5639948..5641363 1,416 471 C 53.93 0.406 6.31 44.39 89.87
MdJGRAS56 MDP0000512470 chr10:5640084..5641499 1,416 471 C 53.93 0.406 6.31 44.39 89.87
MdGRAS57 MDP0000307619 chr10:18265808..18267481 1,464 487 54.88 0.243 6.07 46.99 86.12
MdGRAS58 MDP0000288971 chr10:22109238..22112956 831 276 31.19 0.097 5.27 47.65 91.45
MdGRAS59 MDP0000162468 chr10:26355418..26356833 1,416 471 C 53.93 0.406 6.31 44.39 89.87
MdGRAS60 MDP0000443053 chr10:29148732..29150108 1,377 458 51.67 0.211 5.81 52.99 90.74
MdGRAS61 MDP0000607785 chr10:32638991..32646762 1,821 606 C 67.87 0.369 6.58 43.64 76.73
MdGRAS62 MDP0000715138 chrl11:2058625..2059440 717 238 26.65 0.444 5.12 46.87 68.49
MdGRAS63 MDP0000389025 chrl11:4337648..4339036 1,389 462 C 52.60 0.243 6.03 58.05 94.35
MdJGRAS64 MDP0000264347 chr11:8307859..8309883 2,025 674 C 76.62 0.616 5.40 48.74 74.32
MdJGRAS65 MDP0000287039 chr11:8329524..8331601 1,233 410 C 47.21 0.377 7.20 38.27 78.71
MdJGRAS66 MDP0000851230 chr11:8330639..8332645 2,007 668 76.04 0.609 5.96 45.35 73.13
MdGRAS67 MDP0000289783 chr11:8333605..8335590 1,986 661 75.26 0.570 6.47 54.65 70.67
MdJGRAS68 MDP0000287040 chr11:8334218..8339685 4,134 1377 C 155.67 0.517 6.02 52.42 72.45
MdGRAS69 MDP0000289784 chr11:8336934..8339074 2,100 699 78.44 0.478 5.90 47.91 73.96
MdGRAS70 MDP0000287041 chr11:8340645..8342651 2,007 668 C 76.04 0.609 5.96 45.35 73.13
MdGRAS71  MDP0000250943 chrl11:8344394..8346472 2,076 692 78.26 0.562 5.89 46.69 71.03
MdGRAS72 MDP0000827722 chr11:8398699..8400897 2,199 732 C 82.40 0.519 5.80 44.56 72.45
MdGRAS73  MDP0000453000 chr11:8405492..8408822 3,054 1017 C 114.99 0.545 5.86 46.75 72.50
MdJGRAS74 MDP0000227056 chr11:8417502..8420917 2,607 868 C 97.64 0.580 6.17 52.53 65.66
MdJGRAS75 MDP0000236041 chr11:8419367..8421957 2,313 770 C 88.11 0.491 8.69 45.15 77.70
MdGRAS76 MDP0000581417 chrl11:8434126..8436324 2,199 732 82.40 0.519 5.80 44.56 72.45
MdGRAS77 MDP0000822651 chr11:10148161..10149699 1,539 512 57.41 0.381 5.33 47.06 68.22
MdGRAS78 MDP0000301368 chr11:20713600..20715024 1,425 474 C 52.98 0.156 5.95 40.62 94.49
MdGRAS79 MDP0000809337 chr11:25863922..25865673 1,752 583 C 64.77 0.378 5.94 51.14 84.32
MdGRAS80 MDP0000321018 chr11:25863923..25875124 3,474 1157 C 130.01 0.289 6.43 45.30 87.14
MdGRAS81 MDP0000768445 chr11:34920904..34922793 1,889 629 C 71.39 0.276 5.81 48.55 80.59
MdGRAS82 MDP0000119093 chr12:19433725..19435980 2,256 751 C 84.11 0.499 7.09 48.76 74.51
MdGRAS83 MDP0000884524 chrl12:24351825..24353366 1,542 513 C 56.34 0.119 5.36 34.40 92.22
MdJGRAS84 MDP0000148294 chr12:24959928..24961310 1,383 460 52.22 0.303 4.90 58.00 83.91
MdJGRAS85 MDP0000235134 chr12:24972396..24973970 1,575 525 59.08 0.337 4.67 53.02 75.41
MdJGRAS86 MDP0000926466 chr12:24983309..24984916 1,608 535 60.29 0.344 4.72 52.16 75.08
MdJGRAS87 MDP0000666991 chr12:25017893..25019506 1,614 537 C 61.11 0.347 4.69 51.34 71.55
MdJGRAS88 MDP0000397638 chr12:26835765..26838962 2,475 824 88.38 0.296 6.01 55.30 76.52
MdGRAS89 MDP0000266986 chr13:2853393..2854769 1,377 458 C 51.63 0.180 5.67 53.61 94.78
MdGRAS90 MDP0000464809 chr13:7394453..7398805 2,856 951 C 105.52 0.238 6.01 49.95 83.71
MdGRAS91 MDP0000122441 chr13:13603697..13605022 1,326 441 49.16 0.013 8.38 47.79 87.82
MdGRAS92 MDP0000245252 chr13:13603924..13605249 1,326 441 49.11 0.013 8.25 46.59 86.94
MdGRAS93 MDP0000522931 chrl13:13606211..13607461 1,251 416 46.86 0.077 5.19 37.37 90.41
MdJGRAS94 MDP0000245253 chr13:13606548..13608350 1,803 600 67.20 0.225 4.97 35.14 80.88
MdJGRAS95 MDP0000173434 chr13:25599457..25600123 597 198 C 21.97 0.356 6.14 44.59 119.19
MdJGRAS96 MDP0000138367 chrl3:25626475..25627141 495 164 18.47 0.405 5.84 33.17 120.67
MdGRAS97 MDP0000274120 chrl13:26280448..26284950 3,743 980 C 107.63 0.315 6.78 49.41 80.11
MdJGRAS98 MDP0000308434 chr13:30511943..30513601 1,659 552 61.15 0.647 6.07 40.73 66.61
MdGRAS99 MDP0000431628 chr14:22609508..22611103 1,596 531 58.82 0.149 5.78 56.26 87.29
(Continued)
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Gene Gene locus 2 Location CDS (bp)  Peptide (aa)  Strand Mw P GRAVYC  pid e Alf
name (kDa)

MdGRAS100 MDP0000258655 chrl4:22631424..22637535 777 258 C 29.07 0.279 8.86 50.64 85.81
MdGRAS101 MDP0000259403  chrl4:22631424..22637537 777 258 C 29.07 0.279 8.86 50.64 85.81
MdGRAS102 MDP0000319851  chr14:28611108..28615187 2,319 772 87.26 0.146 8.63 43.98 95.08
MdJGRAS103 MDP0000171602  chr14:28838647..28840187 1,506 501 C 56.15 0.388 5.37 46.69 66.99
MdJGRAS104 MDP0000687763  chr14:28859934..28861253 1,320 440 49.36 0.292 592 4343 76.30
MdJGRAS105 MDP0000840369  chr14:28859987..28861525 1,539 512 57.41 0.381 533 47.06 68.22
MdGRAS106 MDP0000196258 chrl4:29246984..29249224 747 248 C 27.99 0.505 7.52 41.95 59.76
MdGRAS107 MDP0000662303 chrl15:11412854..11414497 1,644 547 59.78 0.097 5.53 42.31 92.07
MdGRAS108 MDP0000575908 chr15:19584108..19585916 1,809 602 C 66.40 0.371 5.11 49.76 77.21
MdGRAS109 MDP0000315270 chr15:23947574..23950023 2,181 726 C 79.31 0.283 5.26 48.40 85.76
MdGRAS110 MDP0000295058 chr15:25739441..25740609 1,035 344 C 38.97 0.104 6.01 43.81 87.53
MdGRAS111 MDP0000187914 chr15:25748188..25749720 1,533 510 57.15 0.072 6.04 45.81 89.67
MdGRAS112 MDP0000241137 chr15:25750590..25752014 1,425 474 C 52.94 0.046 5.69 43.48 89.51
MdJGRAS113 MDP0000263576  chr17:336468..348106 4,695 1564 175.11 0.600 5.36 53.34 69.93
MdJGRAS114 MDP0000441088  chrl7:844678..846561 1,884 627 C 70.97 0.272 551 39.89 79.60
MdGRAS115 MDP0000784909 chrl7:4316837..4319083 2,247 747 81.54 0.295 5.56 59.76 77.30
MdGRAS116 MDP0000827871 chrl7:7181440..7182768 1,329 442 49.03 0.127 5.30 46.49 91.49
MdGRAS117 MDP0000152670 chr17:9016383..9018038 1,656 551 61.95 0.355 6.39 53.78 78.62
MdGRAS118 MDP0000284679 chrl7:9255749..9257927 1,917 638 (3 70.63 0.136 5.32 52.66 85.00
MdGRAS119 MDP0000205236 chrl17:9258368..9260546 1,917 638 C 70.63 0.136 5.32 52.66 85.00
MdGRAS120 MDP0000289554 chrl17:10806972..10811830 1,926 641 70.67 0.198 9.28 48.25 90.41
MdGRAS121 MDP0000269044  chr17:10818117..10822975 1,926 641 70.67 0.198 9.28 48.25 90.41
MdGRAS122 MDP0000669451  chrl7:22659094..22660848 1,755 584 63.71 0.281 491 4560 79.73
MdJGRAS123 MDP0000950387  chrl7:22676488..22677480 993 330 36.58 0.099 550 41.12 84.61
MdJGRAS124 MDP0000319342  unanchored:17969995..17971509 1,515 504 55.32 0.205 5.13 34.83 85.40
MdJGRAS125 MDP0000237978  unanchored:26304735..26306654 1,920 639 70.24 0.287 525 46.96 76.51
MdGRAS126 MDP0000640034  unanchored:50237359..50239266 1,908 635 C 69.73 0.274 526 47.40 77.92
MdGRAS127 MDP0000291579  unanchored:106037882..106039530 1,593 539 (3 60.97 0.425 9.28  46.99 83.91

aGene ID in the apple (Malus domestica) genome (Malus domestica Genome database v1.0);
bMW: Molecular weight;

CGRAVY: Grand average of hydropathicity;

dpI: Isoelectric point;

ell: Instability index;

fAl: Aliphatic index.

and ArabidopsisA total of 160 GRAS sequences were collecteEEXpansion Patterns of the MAGRAS Gene

and analyzed. They were classied into eight distinct groupgamily

according to the phylogenetic tree: DELLA, SCL3, SCR, Lsegmental and tandem duplications provide information on
LISCL, PAT1, SHR, and HAMR{gure 2). 14 GRAS proteins were the expansion of the gene family. Here, we used the Circos
located in the DELLA subfamily, including ve AtGRAS (AtGAI program to evaluate the segmental and tandem duplications
AtRGA AIRGL1 AtRGL2,and AtRGL3 and nine MdGRAS  of the MdGRASgenes. Tandem duplications were identi ed
proteins. However, MAGRAS37 did not contain the integralfrom adjacent homologs on a single chromosome, while
DELLA and TVHYNP domains. MdGRAS37 was classi edsegmental duplications were identied from homologs on
into the DELLA subfamily because of its high homologydi erent chromosomes. More than 15 pairs MdGRASgenes,
with the other proteins. To examine the gene structures, weuch asMdGRAS12/53 MdGRAS11&0, and MdGRAS11419,
analyzed the exon-intron structures of the 1IRIIGRASgenes were located in duplicated genomic regionBigure 3). All
according to their genome sequencdsigiire S3. Thirteen were located in di erent chromosomes. Chromosomes 11 and
genes JGRAS100 MAGRAS101 MdGRAS25 MdGRAS? 3 had the most duplication, which could partly explain the
MdGRAS102MdGRAS2MdGRAS33MJGRAS5IMdGRAS8)  larger numbers oMdGRASgenes on chromosomes 11 and 3
MdJGRAS4SMdGRAS2IMAGRAS1landMdGRAS3Bhad two or  (Figure S). Chromosomes 1, 6, 7, 8, 13, and 14 did not contain
more introns. Other genes had few or no introns. any duplicated genes. In summary, segmental and tandem

Frontiers in Physiology | www.frontiersin.org 7 April 2017 | Volume 8 | Article 253


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Fan et al. Identi cation and Expression of MAGASA Gene
Chr 1 Chr 2 Chr 3 Chr 4 Chr 5 Chr 6 Chr 7 Chr 8
N N N N N N N N
MAGRAS4 MAGRASTI R\ MJGRAS26 '—%MdGRASB
MdAGRAS5 MdGRAS12 MdGRAS27 MdGRAS34
MAGRA MdGRAS13 || ~MAGRAS28 MdGRAS35 MdGRAS38 MdJGRAS46
) N MdGRAS14 MdGRAS MdGRAS36 || \'MIGRAS39
H-—MdJGRAS1 L MdAGRAS]s I MdGRAS30 MdGRAS40 MdAGRAS47
MdAGRAS2 deGRASS H— MAGRAST6 MdGRAS31 1| \MdGRrAs41
MdGRAS3 MdGRAS9 MdGRAS32 MdGRAS37 M\ MdGRAS42 H—_MdGRAS44
[[—MdGRAS10 MJGRAS17 MAGRAS43 MAGRAS45
MdGRAS18
MdGRAS19
MdGRAS20
MdGRAS21
MdGRAS22 Y
MdGRAS23
= MdAGRAS24 U U
MdGRAS25 U
o’
et
7/
Chr 9 Chr 10 Chr 11 Chr 12 Chr 13 Chr 14 Chr 15 Chr 17
_: M N N 'a 'a 2 'a
Xmgﬁzjg __Xmgﬁﬁgﬂ HR-MAGRAS62 —MAGRAS89 I \“Mdigrasi13
HC dGRASSS |1 MIGRAS63 MAGRAS90 HR\MIGRAS114
MAGRAS50 MdAGRAS56 FHR-MdGRAS64 .__\MdGRASHS
MdAGRASS1 I\I\//{gggﬁgg MAGRAS91 MdAGRAS107 MdGRAS116
MdJGRAS57 MdGRAS92 MdJGRAS117
MAGRASS?2 MdGRASss TR MAGRAS67 MdGRASS2 XMdGRAS% . MdGRAS108 MdGRAS118
MdJGRAS68 _L| 11 “MdGRAS94 MdGRAS99 Th\\"-MdGRAS119
MdGRASS9 TR\ MAGRASES 5 MAGRAS100 FH_ MAGRAS109
MdAGRASS3 H—MAGRASE0 MdGRAS69 MdAGRAS84 MdAGRAS95 || MAGRAS110 MdGRAS120
e MdGRAS70 MAGRASSS TT\"MdGRAS% T\ MIGRASI01 MAGRASI11 MdGRASI21
MdGRAS61 | [ |B-MJGRAS71 MdAGRASS6 \MdGRAS97 MdGRAS102 MdJGRAS112 MdGRAS122
MdGRAS72 MdJGRASS7 MdJGRAS98 MdGRAS103 MdAGRAS123
MdAGRAS73 MdJGRASSS MdJGRAS104
MdJGRAS74 MdGRAS105
MdGRAS75 MdAGRAS106
MdGRAS76 J
MdGRAS77
MdGRAS78
MdGRAS79 U U
U MdGRAS80
U MdGRASS1 U
"/
Nt
FIGURE 1 | Chromosome map of MdGRAS genes in apple.

duplications amongMdGRASgenes have contributed to the and AtPATI-MdGRAS63Figure 4). These genes were detected
expansion of the gene family. on 14 chromosomes with duplicated regions, including 4
chromosomes irabidopsisaand 10 chromosomes in apple.

Comparative Analysis of the GRAS Gene _ _ _
Families in Different Species Tissue-Speci ¢ Analysis of  MdGRAS

To further analyze the evolutionary relationships and exems EXxpression Using ArrayExpress Data
patterns of plant GRAS genes, we compared the published GRA® elucidate the potential roles and functions of tNeElGRAS
genes in di erent specieFéble S3. The number of GRAS genes genes in apple, we downloaded expression prole data for
was the largest in apple and was close to th&opulusHowever, di erent tissues from the ArrayExpress database (E-GEOD-
the apple genome is twice the size of th@pulusgenome. The 42873). Eight organs and samples with two biological reicat
number of GRAS genes was also similar between Chinese eabbagre represented in this expression array, including segsllin
(48) and P. mume(46), and between grape (52) and tomatoroots, stems, owers, fruit, and leaveBidgure 5. The GRAS
(53). However, their genome sizes are also very di erentii€se  genes showed dierent expression patterns among di erent
cabbage: 485.0 Mb vB. mume 280.0 Mb; grape: 487.0 Mb vs. apple varieties and tissues. In the “M74” apple genotype, most
tomato: 760.0 Mb). These results suggested that the number of the MAGRASgenes were expressed at higher levels in the
plant GRAS genes was partly related to genome size. ower than in the fruit. Moreover, the expression levels of
As Arabidopsisis a model plant species, the functions ofthe MAGRAS genes were higher in ripe fruit (at harvest)
the GRASgenes inArabidopsishave been well researched. Wethan in unripe fruit, indicating their important roles in frdi
generated a comparative GRAS synteny map between apple amgkening. MostMdGRASgenes were expressed at lower levels in
Arabidopsis Many pairs of syntenic orthologous genes wereseedlings, except faldGRAS100MdGRAS101MdGRAS126
matched, such a8tSCL32MdGRAS108AtRGAMdGRAS114 MAGRAS18 MdGRAS79 and MdAGRAS27 In “M14” |eaves,
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LISCL SCR

FIGURE 2 | Phylogenetic tree showing the evolutionary relat  ionships of GRAS proteins in apple and Arabidopsis. The phylogenetic tree was conducted
using MEGA 5.10. The pre xes At and Md indicateArabidopsis and apple, respectively.

MdGRAS85showed the highest expression. However, otheBHR MAGRAS2j SCL MJdGRAS2B PAT1 MdJGRAS4%
GRASgenes were hardly detected in leaves. Moreover, moBtELLA (MdGRAS53 MdGRAS107 and MdGRAS12p and
GRAS showed lower levels in stems excepMdGRAS26 LISCL (MdGRAS6Y subfamily. We employed gRT-PCR to

MdGRAS50, andldGRAS64. investigate their expression patterns in di erent tissue®Ifss,

. . leaves, owers, fruits and buds). All candidd#tlGRASgenes
QRT-PCR Analysis of the Candidate showed constitutive expression patterns in the ve tissuesept
Flowering Related MdGRAS Genes in that the levels dMdGRAS2&ndMdGRAS28vere low in owers
Different Tissues in “Nagafu No. 2” (Figure 6). The transcription levels oMdGRASE MAGRAS26

We selected eight higher expression gendddGRAS6 MAGRAS44 MAGRAS53 MdGRAS64 MdGRAS107, and

MdGRAS26MJGRAS28MdGRAS44MdGRAS53MdGRAS64 MAGRAS12%vere high in buds and leaves, which indicated their
MdGRAS107and MdGRAS12p from our transcriptome data important roles in mediating ower induction. Additionally,
for further analysisFigure S4 Table S3. These eight genes were MUGRAS10And MAGRAS28vere all showed lower levels than

from di erent GRASsubfamilies, including the LMJGRASH,  other candidate genes among the ve tissues.
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FIGURE 3 | Syntenic relationships of apple  GRAS genes. Locations of MUGRAS genes on the apple chromosomes.

QRT-PCR Analysis of the Candidate higher in “Yanfu No. 6” except at 80 DAFB, whilddGRAS122

MdGRAS Genes in Different Apple Varieties expression was higher in “Nagafu No. 2" except at 70 DAFB.
To examine the expression of thMIdGRAS genes in two MAGRAS2@xpression was lower atthe rst stage in “Nagafu No.

varieties with contrasting owering rates, we selected ¢asy- 2, butwas higherin all subsequent stages. The transcrifiticel
owering variety “Yanfu No. 6" and the dicult-owering OfMdGRASI10Was higher in “Yanfu No. 6” except at 30 DAFB.

“Nagafu No. 2.” As shown iTable S4 “Yanfu No. 6” has a 1.5- . .
fold higher owering rate than “Nagafu No. 2.” We examineckth QRT-PCR Analysis of the Candidate

expression patterns in these varieties using gRT-PEgute 7. MAGRAS Genes in Response to

All candidate genes showed di erent expression patterns durin Treatments Affecting Flowering

ower induction. MdGRAS6expression was higher in the buds Previous studies have shown the exogenous treatments (GA,
of “Yanfu No. 6” during all stagesMdGRAS44expression was 6-BA, and sucrose) can alter owering rates, among which
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FIGURE 4 | Syntenic relationships between apple and Arabido

psis GRAS genes. Colored curves represent apple and Arabidopsis syntenic ge regions.

GA always decreases the owering rate, while 6-BA and sugalown-regulated, while others were up-regulatstlGRASBvas

increase owering rates Xing et al., 2015; Li et al., 2016; up-regulated after GAtreatment except at 40 DAFB and after
Zhang et al.,, 2006 We used these kinds of treatments to6-BA treatment except at 70 DAFB, but was down-regulated
further investigate the expression of the candidMdGRAS after sugar treatment except at 30 DAFBdGRAS26showed

genes during owering. As shown irnTable S4 exogenous similar changes after GAreatment, and was up-regulated except
GAgz treatment inhibited owering rate while sugar and 6-BA at 40 DAFB. However, the level dldGRAS26was down-

promoted owering. The genes displayed various expressioregulated after 6-BA and sugar treatment except at 30 DAFB.
patterns at di erent time points Figure 8. Some of them were MdGRAS28and MdGRAS44were down-regulated after GA
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FIGURE 5 | Heat map showing MAdGRAS gene transcript levels in different tissues. Relative transcript levels are based on ArrayExpress data.

treatment except tha¥?"dGRAS28vas up-regulated at 30 and 50 con rm the results, we also investigated their expressiotepas
DAFB.MdGRAS28vas down-regulated after sugar treatment atin GA-treated buds in 2014 and 6-BA treated buds in 2013 based
all time points. The expression MdGRAS53vas promoted by on our previous researchi{ et al., 2016; Zhang et al., 2016
exogenous GAexcept at 40 and 80 DAFB, but was inhibited Samples were collected in the early stage (ES), middle stage (MS
by exogenous 6-BA and sugar at most time poiMslGRAS64 and later stage (LS) of ower induction. As showigures S5S6
expression was up-regulated after sugar treatment, but was ntheir expression patterns in 2014 and 2015 were similar with ou
consistent in response to GA and 6-BAdGRAS10Was down-  results.

regulated after GAtreatment except at 30 and 50 DAFB, but was

up-regulated by 6-BA except at 30 and 70 DAMBIGRAS107 ) . .

was down-regulated after sugar treatment except at 30 DAFB\Nalysis Related cis- Elements in the

The transcription level dfIdGRAS12®%vas lower in 6-BA treated Candidate MdGRAS Genes

buds than control except at 40 DAFB, and it was down-regulatedo further analyze the potential roles dfIdGRAS genes
after sugar treatment at all time points. In order to furtherin response to various circumstances, a 1.5 kb promoter
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FIGURE 6 | Expression of candidate MAGRAS genes in differentt  issues. Each value represents the mean + standard error of three reightes. Means followed
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of candidate MOGRAS genes were used. The relateis  Mb) is larger than those oP. mume(280.0 Mb), rice (372.0
elements were identi ed as previous studya(i et al., 200)7The  Mb), grape (487.0 Mb), andBrassica rapg283.3 Mb). The
candidateMdGRASgenes all shared large light-responsive boxedldGRASgenes were located on almost all of the chromosomes
followed by stressHigure S7j. Additionally, hormones-related except chromosome 16. The structures of mdstGRASgenes
ciselements were also found in all the candidMtdGRASgenes, were similar, and most had few introns, similar to those in
including MeJA, salicylic acid, gibberellin, auxin and é&me. P. mumeand Populus(Tian et al., 2004; Song et al., 2n14
These identi ed motifs in the promoter of each gene indicatedThese ndings indicated that the structures @RASgenes
that MAGRASmay be regulated by variowsselements within  are highly conserved among di erent plant species. A previous

the promoter during growth. study identi ed six genes in the DELLA subfamily in apple,
based on data in the EST databadeodter et al., 2007
DISCUSSION In our study, nine putative genes belonging to the DELLA

subfamily were identi ed from the apple genom&i(g et al.,
Genome-wide identi cation ofGRASgenes has been reported 2016 according to the phylogenetic tre&igure 2). However,
in Arabidopsis P. mume Populus rice, grape, castor bean, MUGRAS37 which was classi ed into the DELLA subfamily,
and Chinese cabbagélign et al., 2004; Song et al., 2014]Jacked the conversed DELLA domain and other features of
Huang et al., 2015; Lu et al., 2015; Grimplet et al., 2016; xthe DELLA subfamily figure S3, including gene length and
W. et al., 201§ but little in known in apple. In this study, structural domains.MdGRAS37was probably placed in the
we identied MdGRASgenes in the apple genom&elasco DELLA clade because of its high sequence similarity with
et al.,, 201)) and analyzed their phylogenetic relationships Arabidopsissequences of the DELLA subfamilyu( et al.,
gene characteristics, gene structures, expansion historgt, 2019. The DELLA domain oMdJGRAS37may have gradually
syntenic relationships. We also analyzed their tissue-specidegenerated during the evolutionary process or its sequerage
expression patterns and their expression pro les in responske partly similar with DELLA proteins. However, this needs to be
to ower induction. Our comprehensive study provides a further researched.
basic for further investigation o6RASgenes in apple, which .
can also have potential values in genetic improvement deXpansion and Synteny of GRAS Genes
ower induction in apple as well as some other relativeGene duplications can be tandem, segmental, or arise from

species. whole genome duplication. Duplicated genes are known to play
) important roles in plant growth and development.
Phylogenesis of Apple GRAS Genes To date, various kinds of genes encoding transcription fiacto

We identi ed 127 putativeMdGRASgenes in apple, a larger have been identied, and most of them have shown gene
number than that reported for other plant species suchPas duplications, includingAP2 MADS, SPL,and DOF (Zahn
mume Populus rice, grape, and Chinese cabbagei( et al., et al.,, 2005; Moreno-Risueno et al., 2007; Shigyo et al., 2007;
2004; Song et al., 2014; Huang et al., 2015; Lu et al., 20Kymar et al., 2016 Gene duplication is important for gene
Grimplet et al., 2016; Xu W. et al., 2Q18he larger number family expansionDay et al., 2003; Cannon et al., 2004; Leister,
of GRASgenes in apple might be because its genome (88129049. The expansion and duplication @RASgenes have also
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FIGURE 7 | Expression of candidate MAGRAS genes in apple buds in the easy- owering variety “Yanfu No. 6” and different- owe ring “Nagafu No. 2.”
Samples were collected at 30, 40, 50, 60, 70, and 80 days aftefull bloom (DAFB). Each value represents the mean standard error of three replicates. Means
followed by small letters (a, b) are signi cantly differenttaa level of 0.05.

been reported inArabidopsis P. mume,and Chinese cabbage on this, we inferred the functions of the less-studiddGRAS
(Liu and Widmer, 2014; Song et al., 2014; Lu et al., 015genes from the better-understoddtGRASgenes. We used the
It was reported that 85% oAtGRASgenes have undergone Circos program to compare apple addabidopsisMost GRAS
segmental duplications, including two tandemly duplicatedgs genes were detected in syntenic genomic regidfigufe 4),
(AtSCL33and AtSCL34. Here, we used the Circos program to allowing us to predict their functions. Currently, moA&tGRAS
identify tandemly duplicated genes in the apple genome. Syntergenes are well understood, includiAgSCL3(Zhang et al., 20)1
analysis of the duplicated blocks in the apple genome showetSHR (Levesque et al., 2006AtSCL13(Torres-Galea et al.,
that someMdGRASgenes were putative segmental duplicate®006, andAtSLR(Aleman et al., 2008Thus, we can analyze the
(Figure 2). The present result was consistent with previous studyotential functions ofMdGRASgenes based on their homologs
in Arabidopsis which GRASalso occurred gene duplication in ArabidopsisHowever, functions predicted in this way needs to
in apple genome. PlanBRASgenes were involved in various be experimentally veri ed.

biological processes, and the expansion of MBGRASmIight

contribute to their diversity functions in regulation plagtowth  Expression Pro les of MdGRAS Genes in

and developemt. Additionally, it was reported that a genomepifferent Tissues

wide duplication (more than 50 million years ago) contribdte To reveal their potential functions in apple growth and

to the expansion of the apple chromosome number, which led t‘aevelopment, we employed ArrayExpress data to analyze the

a chlange to 17 cEromﬁslomes from rélnel_chrpmosom&Sa(sgo h expression of thd&ldGRASgenes in di erent tissues and organs.
et al., 201)) So the whole genome duplications promoted therpeqe potential investigations of eaGRAScan be useful to

expansion ol5GRASgenes in apple. This expanded by segmental . qqq jts possible function. Their various expression pattern
duplication or whole genome dupl!catlons @RASgenes in were consistent with their diverse gene locations, lengind
apple genome was also proved In grape and other_ Spec'géqut-znces. As shown iRigure 5 the expression patterns of
(Grimplet et al., 2016 Totally, the duplication and expansion of the GRASgenes di ered among di erent tissues and varieties,
GRASgenes have played important roles in gene evolution, an@hich is consistent with other speciesign et al., 2004; Song
contributed to their varied structures and functions. et al., 2014; Huang et al., 2015; Lu et al., 2015: Grimplet,et al.
To date, little functional research has been performed O%016: Xu W. et al., 20)6For example, tomatGIGRAS1&nd
rosaceousGRASgenes. Comparison with homologoRAS  giGraS38ranscript levels were high at the breaker and red-
genes of the model planArabidopsiscan help us further (ihening stages, and their expression was regulated by RIN
analyze theldGRASgenes. Comparisons of genome sequence$-ujisawa et al., 2012, 2013n another study, transcripts of
among di erent species can be valuable for the reconstruction4 SIGRASgenes were detected during fruit ripeningiang
of individual gene families Koonin, 200). Such genome et al., 2015 Our analyses dBRASexpression pro les con rmed
comparisons can be used to transfer annotations from a bettethat most of theMdGRASgenes had higher transcript levels in
studied taxon (whose genome structure and functions haeebe fruit than in other apple tissues, indicating their importardles
elucidated) to a less-studied taxohypns et al., 2008 Based in fruit ripening. MdGRASSand MdGRAS85expression levels
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FIGURE 8 | Expression of candidate MAGRAS genes in apple buds treated with GA 3, 6-BA, and sugar. Samples were collected at 30, 40, 50, 60, 70, and 80

days after full bloom (DAFB). Each value represents the meanstandard error of three replicates. Means followed by smalétters (a, b, and c) are signi cantly
different at a level of 0.05.

were extremely high in “M20” during the harvest stage. Thesstudy. In Arabidopsisthree AtGRASgenes $CL6 SCL22,and
results suggested thsldGRAS®NdMdGRAS8%play important  SCL27 were shown to be involved in leaf development. In the

roles during fruit development; this was consistent with poexs  apple genotype “M14MdGRASS85transcripts were detected
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at high level in leaves, suggesting that this gene may shaggpression of the candidadGRASyenes in these two varieties
similar functions with AtSCL6 AtSCL22,and AtSCL27in leaf  with contrasting owering rates indicated their importanbles
development, which was consistent with their close evohatig  in ower induction (Figure 7).
relationships toMdGRAS85Figure 2). However, MUGRAS85 In recent years, although the roles@RASenes in regulating
did not show high level in leaves of “M49”; the dierent plant growth and development have become better understood,
expressions oMdGRAS85may be explained by their di erent little is known about the roles oGRASgenes in regulating
genotypes of “M14” and “M49.” The high expression patternsower induction in fruit trees. Several studies have showatt
of MAGRAS126 MdGRAS18 and MAGRAS79in seeds were GRASgenes are important in bud growth and development.
also consistent witPmGRAS28Gnd PmGRAS36éxpression, and Most DELLA subfamily gene regulate ower induction by the
suggested that these genes may have important roles in seé8#4 pathway, and it can inuence the expression of some
developmentli(u et al., 201p These di erent expression patterns owering control genes Bolle, 2004; Galvao et al., 2012; Porri
of GRASNdicated their various functions in apple development;et al., 2012; Xing et al., 2014, 2015; Huang et al., )2015
further functional analysis needs to be con rmed. However, genes from other subfamilies were also associated
We also analyzed the expression of the candidatiSRAS with ower induction. AtGRASgenes promoted the expression
genes in dierent tissues (stem, leaf, ower, fruit, and bud)of FT and the della mutant always showed earlier owering
in “Nagafu No. 2” with gRT-PCR. TheVildGRASgenes all (Galvao etal., 20)2n ArabidopsisDELLA proteins were shown
showed dierent expression patterns among the ve tissuesto inhibit ower induction, and interact with SPL to control
Leaves and buds have been used to research ower inductioawer induction (Shigyo et al., 200.7Previous studies showed
in Arabidopsisand other plants Galvao et al., 2012; Porri et al., that the expression of one- fth of the candidate genes was
2012; Xing et al., 2015; Fan et al., 20Ifhe candidate genes increased during ower development iR. mume and DELLA
MdGRAS6 MAGRAS26MdGRAS44MdGRAS53MdGRAS64, gene expression was also higher in tomato buds, indicatiag th
and MdGRAS122mostly showed high expression in budsimportant roles in ower induction (Huang et al., 2015; Lu
and leaves, which proved their important roles in ower et al., 201} In our study, we selected eight importaMidGRAS
induction. A previous study showed that DELLA has importantgenes from transcriptome data. They belong to dierent
roles in regulating internode elongationB¢lle, 200 We  subfamilies, including LS MdGRAS®, SHR MdJGRAS2H
found that the expression dIdGRAS107a DELLA subfamily SCL MdGRAS28 PAT1 MdGRAS4Y DELLA (MdGRAS53
member, was also higher expressed in the apple stem, whithdGRAS107and MdGRAS12Rand LISCL MdGRAS6) Our
indicates it might also have functions in regulating intede result suggested that these candidalelGRAS genes from

elongation. di erent subfamilies were important and they all have potehtia

. . . involvement in ower induction. Additionally, functions atheir
Characterization of MdGRAS Expression homologous genes have been described and veried in other
During Flower Induction species, which provided more evidence for their important

To our best knowledge, the relationship betweGBRASand response to ower inductionfiu et al., 2001; Hynes et al., 2003;
ower induction was received less attention, apart fromPetty etal., 2003; Wang et al., 2010; Galvao et al.) ZDiey can
MdGRL2a. Flower induction is associated with severalregulate ower induction directly and indirectly. IArabidopsis
environmental and internal factors, including temperature AtLAS and AtSHR were involved in shoot apical meristem.
hormones and photosynthesi§élvao et al., 2012; Porri et al., AtSCLEAtSCL26and AtSCL2Avere highly expressed in owers
2012; Xing et al., 2015, 201&ormones and sugar are of the (Bolle, 200% the Arabidopsis rgand gai mutant showed earlier
most important factors a ected apple owering, the relationghi owering (Galvao et al., 20)2 Additionally, GRASgenes in
about GRAS involved in hormones or sugar remains unknownother species were all indicated their potential involvemient
Up to now, GA was considered to be the most associated witowering induction, such as tomato§IGRAS1and SIGRAS13
ower induction; 6-BA and sugar were also involved in ower castor beans2(7568.m0002528650.m0001828650.m000190
induction. And they were all well applied in orchard cultivati. ~ and 28650.m00019%nd grape{viSHRIandWiPAT6) (Huang
Additionally, our previous studies showed that exogenoust al., 2015; Grimplet et al., 2016; Xu W. et al., 20Qur
treatments can alter owering rates; GA&an inhibit owering, candidateMdGRASgenes were homologous with these well-
while 6-BA and sugar can increase owering ratesn@ et al., known GRASgenes in other plants, which is in agreement
2015; Li et al., 2016; Zhang et al., 201Bhese exogenous with their important functions in ower induction. However,
treatments mainly alter the nutrition or hormone balancedan further functional research needs to be con rmed about thes
in uence the expression of related genes, which inhibits [JGAMdJGRAS genes. Their dierent expression patterns during
or promotes (sugar and 6-BA) oweringX(ng et al., 2015; Li ower induction indicated they were involved in GA-mediate

et al., 2016; Zhang et al., 201Based on this, we investigated 6-BA mediated or sugar-mediated owering in apple trees.
the candidateMdGRASgenes in response to these owering- Previous transgeni&rabidopsi®f MARGL2aone of the DELLA
related treatmentsHigure 8). With their multiple functions, the members in apple) showed delayed owering phenotype, which
candidateMdGRASgenes showed di erent expression patternsproved their functions in regulating owering. Additionallythe
after the treatments, and were down- or up-regulated at mospredication ofciselements within their promoters indicated their
time points. “Yanfu No. 6, a bud mutant of “Nagafu No. 2, haspotential roles in response to hormone mediated signal during
a higher proportion of spurs, shorter internodes and a higheapple growth and developmenFigure S3. However, with the
owering rate than “Nagafu No. 2"Table S4. The di erential large number ofGRASgene inArabidopsisand apple genome,
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we cannot capture more genes aiming at ower induction excepA&F University (2452015291), Yangling Subsidiary Center
the candidate eighMdGRAS.The other let MdAGRASgenes Project of the National Apple Improvement Center and
need to be further con rmed. And mor&RASgenes need to be Collaborative Innovation of the Center for Shaanxi Fruit
functionally researched. Industry Development.
All in all, extensive cross-talk about GRAS genes has

been identied in herbaceous and woody plants; extensv§GUPPLEMENTARY MATERIAL
research e ort has also been devoted to characterization &SRA
genes in plant growth and development. However, the GRAShe Supplementary Material for this article can be found
genes of woody economically important tree species hawenline at: http://journal.frontiersin.org/article/10389/fphys.
received less attention. In this study, we identi ed 127 pivea  2017.00253/full#supplementary-material
GRASgenes from the apple genome, which were located OBgure S1 | Distribution of MJGRAS genes on the apple chromosomes.
16 chromosomes. We classi ed these genes and performed )
systematic phylogenetic, structural and synteny analyses. /9" S2 | MAGRAS gene structures. MAGRAS gene exon-intron .

- X . X ; composition. Red boxes and black lines represent exons ancdhtrons, respectively.
also analyzed their expression in di erent tissues (stenavds,
owers, fruits and buds). The spatiotemporal expression patier Figure S3 | Alignment of DELLA subfamily members in apple and
indicated they potentially have multiple functions in recfig ~ Arabidopsis.
plant growth and development. Additionally, some candidaterigure S4 | Heat map showing the transcript levels of ~ MdGRAS genes
MdGRASgenes were investigated under treatments with severglring ower induction.  Transcript levels ofGRASgenes in the buds of “Nagafu
owering-related compounds, which indicated the candidateNo' 2" and “Yanfu No. 6” were investigated during ower inducton. Samples were
MdGRASgenes are involved in the complex ower induction collected threia time.s at the early stage (ES), middle stag®/S) and later stages

. . (LS) of ower induction.

process. These results may provide useful strategies fdrefurt

improvement of ower induction in app|e_ Figure S5 | Expression of candidate MdGRAS genes in GA-treated buds.
Samples were collected three times at ES, MS and LS in 2014, wibh was
consistent with 40, 50, and 70 DAFB in 2016. Each value repremts the mean

AUTHOR CONTRIBUTIONS standard error of three replicates.
) ) . Figure S6 | Expression of candidate MdGRAS genes in 6BA-treated buds.
MH, SF, and DZ conceived and deS|gned the experiment. SF, C&mples were collected three times at ES, MS and LS in 2013, vibh was
and MZ performed the experiment_ SF, HW, YL, and YS ana|yzed)nsistent with 30, 50, and 80 DAFB in 2016. Each value repreants the mean
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Figure S7 | Predicted cis-elements in the promoter regions of the
candidate MdGRAS genes. The upstream 1.5 kb promoter sequences were
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